We report on a search for pair-produced charged scalars in Z decays, such as charged Higgs bosons predicted by models of spontaneous symmetry breaking with more than one Higgs doublet. No signals are observed. We set lower limits on their masses as a function of branching ratios, based on data corresponding to about 1.5 million hadronic Z decays. A lower mass limit of 45.8 GeV is obtained at the 95% confidence level if the charged Higgs boson decays fully leptonically and the lower mass limit is 42.8 GeV if it decays fully hadronically.
Introduction
In the Standard Model of electroweak interactions [1] , the Higgs mechanism [2] generates masses for the gauge bosons and charged fermions via spontaneous breaking of the local gauge symmetry. At least one doublet of Higgs fields is required, leading to one physical particle, the Higgs boson H 0 SM . In this paper we report on a search for pair-produced charged scalars, such as charged Higgs bosons predicted in models with more than one Higgs doublet [3] . In extensions of the minimal Standard Model to two Higgs doublets, the partial decay width of the Z into pairs of charged Higgs bosons, Γ(Z → H + H − ), is a function of the charged Higgs boson mass [3] :
where G F is weak coupling constant and θ W the electroweak mixing angle. Charged Higgs bosons are expected to decay predominantly into the heaviest lepton allowed kinematically and its associated neutrino, or into the heaviest quark-antiquark pair whose decay is not suppressed by the smallness of the corresponding CKM matrix element, i.e. H + → τ + ν or H + → cs. Therefore, the search for charged Higgs bosons is performed in the following three channels:
The topologies are two τ 's with missing energy, a τ and two jets, and four jets. The selection criteria are largely independent of the quark flavours. We assume that other possible charged Higgs branching modes are negligible. Lower limits on the mass of a charged Higgs boson are presented as a function of its leptonic branching fraction Br(H + → τ + ν). The investigation covers the mass range between 30 GeV and the kinematic limit, with emphasis placed on the mass region near the limit. This work is based on the L3 data sample collected between 1991 and 1993, corresponding to a total of 1,537,000 hadronic Z decays at center-of-mass energies between 89 and 93 GeV. We update and extend our previous results [4] , other limits are reported in [5, 6] .
In the analysis we use the following Monte Carlo event generation programs: PYTHIA 5.7 [7] for the charged Higgs simulation, JETSET 7.3 [8] for Z →events, KORALZ [9] for Z → τ + τ − and Z → µ + µ − events, FERMIV [10] for four-fermion final states, and DIAG36 [11] for two-photon interactions. Signal events have been simulated for Higgs boson masses of 30, 40 and 44 GeV.
L3 Detector
The L3 detector consists of a central tracking chamber, a high-resolution electromagnetic calorimeter composed of BGO crystals, a ring of scintillation counters, a uranium and brass hadron calorimeter with proportional wire chamber readout, and an accurate muon chamber system. These detectors are installed in a 12 m diameter magnet which provides a uniform field of 0.5 T along the beam direction. For hadronic jets the fiducial coverage is 99% of 4π.
The central tracker consists of a time expansion chamber (TEC) surrounded by two thin proportional (Z-)chambers. The TEC delivers a precise track measurement in the bending plane perpendicular to the beam direction and the Z-chambers provide a coordinate along the beam direction. The BGO electromagnetic calorimeter covers 85% of the solid angle. The fine segmentation of the BGO detector and hadron calorimeter allows us to measure the direction of jets with an angular resolution of 2.1
• , and to measure the total energy of hadronic Z decays with a resolution of 10%. The muon detector consists of 3 layers of precise drift chambers, which measure 56 points on the muon trajectory in the bending plane, and 8 points in the non-bending direction. A detailed description of the detector and its performance is given in reference [12] .
The trigger has a large redundancy. Typically, at least two different trigger requirements are fulfilled for each event. This allows a check on the trigger efficiency of the individual triggers. The trigger efficiency for the τ + ντ −ν channel is greater than 96%, and for the two hadronic channels greater than 99%.
Channel
Events from the process Z → H + H − → τ + ντ −ν are characterized by two low-multiplicity jets from the τ decay and large missing energy. Background is expected from leptonic and hadronic Z decays, beam-gas, and two-photon interactions where the scattered electrons stay inside the beam pipe. A low multiplicity event sample is selected by requiring N cl ≤ 15, where N cl is the number of calorimetric clusters. In order to reject beam-gas and two-photon events with a large missing energy along the beam direction, we constrain the polar angle of the axis of the missing-energy vector to | cos θ miss | ≤ 0.8. The forward-backward energy deposit, E FB , in the luminosity monitor and calorimeter within a 5
• polar angle is required to be less than 4 GeV. For the visible energy E vis / √ s < 0.6 is required. We require exactly two narrow jets with small y-cut parameter as defined in [4] . Each jet must have at least one charged track, and E J1 / √ s > 0.13 is required for the energy of the most energetic jet. The angles θ J1 , θ J2 of both jets to the beam axis must fulfill the condition | cos θ Ji | ≤ 0.95 and | cos θ J1 − cos θ J2 | ≤ 1.4. An event is thus rejected if both jets lie near the beam axis in opposite hemispheres. An isolation requirement is applied in order to reduce further the two-photon background. No charged particle with more than 1 GeV which is separated by more than 20
• from the jets is allowed. The remaining background consists almost entirely of Z → τ + τ − (γ) events. It is removed by the following cuts: Events with E miss < 10 GeV are rejected, where E miss = √ s − E vis . Events with φ aco < 30
• are rejected, where the acoplanarity angle φ aco is 180
• minus the angle between the two jets projected onto the plane perpendicular to the beam axis. The effect of this cut can be seen in Fig. 1 .
No data candidate events remain after this selection, whereas about 110 events are expected for m H ± = 44 GeV, assuming a leptonic branching ratio of 100%. The effect of the cuts on the simulated signal, background and data are shown in Table 1 . For m H ± = 30 and 40 GeV, the detection efficiency is 19.1 and 27.9%, respectively.
In the derivation of the exclusion plot, the number of the expected signal events is reduced by the error on the detection efficiency, typically a relative error of 7%. This error results from the limited Monte Carlo signal statistics. In comparison with this error, the systematic errors due to the simulation of the selection quantities are negligible. The excluded mass region as a function of the leptonic branching fraction and the charged Higgs boson mass is shown in the last section. 
Events from the process Z → H + H − → csτ −ν are characterized by one isolated τ and missing energy. As the charged Higgs boson mass approaches the kinematic limit, fewer τ 's are isolated and the thrust value decreases. Background is expected from leptonic and hadronic Z decays, two-photon processes, and beam-gas interactions.
We require N cl ≥ 17 to remove leptonic Z decays and low multiplicity two-photon events. As in the τ + ντ −ν channel we require | cos θ miss | ≤ 0.8 and E FB < 4 GeV. The visible energy E vis has to be in the range 0.4 < E vis / √ s < 0.78. A cut on the event thrust T < 0.94 rejects most of two-jet events from the hadronic Z decays. About 2100 Z →and 65 e + e − → e + e −two-photon events remain. The background is further reduced by:
• τ isolation: Only one-prong τ decays are considered to reduce low-multiplicity isolated hadronic jets from Z →background. Tau candidates are defined as isolated tracks with polar angles satisfying | cos θ tr | < 0.8. We consider an inner cone of half-angle 10
• around the track and an outer cone of half-angle α τ , which is called the isolation angle. In the inner cone we require only one track. The visible energy of the isolated tau candidate, E τ , is the energy deposited in this cone. The isolation angle α τ is defined as the half-angle for which the energy deposited between the inner and outer cones is 10% of E τ . Tau candidates must have α τ ≥ 40
• and 4 ≤ E τ ≤ 40 GeV. Furthermore, it is required that there is no other charged track within a cone of 25
• of the τ candidate. In addition, events are removed if there is a second τ candidate.
• ν isolation: As a signature for the neutrinos present in the final state, the missing energy E miss , has to be larger than 10 GeV. The neutrino from a charged Higgs boson decay is typically isolated, thus the energy in a cone with a half-opening angle of 45
• around the missing energy vector is required to be less than 3 GeV. The large reduction of background due to this cut can be seen in Fig. 2 .
After these cuts, the expected signal efficiency is 7.7%. The energy deposited by H + → cs is about 45 GeV, hence, 30 < E< 55 GeV is required, where E= E vis − E τ is the energy of the hadronic system. The mass of the charged Higgs boson candidates is reconstructed from the hadronic jets. The resolution of the reconstructed two-jet mass, m rec H , is improved by rescaling Eto be the half of the centre-of-mass energy. For example, a mass resolution of 0.9 GeV is obtained after rescaling for a 44 GeV charged Higgs boson signal. The reconstructed charged Higgs boson mass must lie within 1.6 σ around the expected charged Higgs boson mass.
The detection efficiencies for a 44 GeV charged Higgs boson and a comparison between the number of data and expected background events after each cut are summarized in Table 2 . For m H ± = 30 and 40 GeV, the detection efficiency is 12.7 and 8.6%, respectively. We find one data event, consistent with the background expectation. For m H ± = 44 GeV and a leptonic branching ratio of 50%, about 13 charged Higgs boson events are expected to pass the selection.
No indication of such a signal has been found.
In the derivation of the exclusion plot, the number of the expected signal events is reduced by the error on the detection efficiency, typically a relative error of 8%. This error results from the limited Monte Carlo signal statistics. In comparison with this error, the systematic errors due to the simulation of the selection quantities are negligible. The excluded mass region as a function of the leptonic branching fraction and the charged Higgs boson mass is shown in the last section. 
Energy in Cone around
Events from the process Z → H + H − → cscs typically produce four hadronic jets. For large charged Higgs boson masses, these jets tend to be isolated from each other. Background is expected from gluonic bremsstrahlung in Z →decays.
Hadronic Z decays are selected by demanding 0.5 < E vis / √ s < 1.5 and N cl ≥ 17. A cut on the event thrust T < 0.85 rejects most two-jet Z →background. After this preselection, the surviving events are forced into four jets using the JADE algorithm [13] by varying the invariant mass parameter. From these jets, the minimum and maximum invariant masses of jet pairs, M ij , are calculated. The variable y min = min(M 2 ij )/s is large for the signal events and small for the hadronic background, in which jets from gluonic bremsstrahlung are close to the quark-jet direction. The variable y max = max(M 2 ij )/s is large for the hadronic background consisting of two highly energetic back-to-back jets, in contrast with the expected H + H − events. We previously found a discrepancy [14] in the 4-jet rate between the data and the Monte Carlo simulation of hadronic Z decays, probably due to the lack of higher-order QCD calculations. After multi-jet events are selected by requiring y min > 0.01, 14% more data events than simulated QCD events are observed. After an overall rescaling of the number of simulated QCD events, the y min distribution is well reproduced, as shown in Fig. 3 .
The following mass-dependent cuts are applied: • ∆m rec = |m 1 − m 2 | < 2.5 GeV, where m 1,2 are the reconstructed masses of the jet pairs.
The masses are calculated by rescaling the jet energies by a factor √ s/E vis . The four jets can be combined into two-jet pairs in three possible ways. The combination with the smallest ∆m rec is taken as the most likely pairing of jets to the charged Higgs candidates.
• | cos θ p | ≤ 0.6 is required, where θ p is the H + H − production angle with respect to the beam axis and calculated from the chosen jet pairing. The θ p distribution of the signal exhibits a sin 2 θ p behaviour, in contrast to the Z →background. The effect of this cut is reduced near the kinematic threshold.
• T J1 > 0.985, where T J1 is the thrust of the most the energetic jet. If the thrust of the leading jet is large, it is better separated from the other jets and therefore its energy corresponds better to the initial parton energy.
After rescaling the jet energies, the mass sensitivity becomes almost independent of the detector energy resolution near the kinematic threshold. For m H ± = 44 GeV the mass resolution improves from 5.1 to 0.6 GeV. A charged Higgs signal would appear as a narrow peak over the background, as shown in Fig. 4 . The number of the events passing the selection in the data and in the Z →background simulation are determined in the range m H ± = 30 to 45 GeV for 1 GeV intervals. The interval of the signal region for m H ± = 44 GeV is indicated in Fig. 4 . For each of the 15 intervals the numbers of data and background events shown in Fig. 5 . The distributions of data and remaining Z →background are in good agreement, and the number of selected events in each 1 GeV bin is about 60 events over the entire mass range. About 30(13) signal events are expected in one bin with m H ± = 40(44) GeV assuming a hadronic branching ratio of 100%. The final selection cuts and their effects on data, background and signal for a 44 GeV charged Higgs boson are listed in Table 3 . The detection efficiency is 2.2 ± 0.3% between 30 and 43 GeV. No indication of a charged Higgs boson signal is observed.
In the derivation of the exclusion plot, the number of the expected signal events is reduced by the error on the detection efficiency. This error results from the limited Monte Carlo signal statistics. In comparison with this error, the systematic errors due to the simulation of the selection quantities are negligible. The excluded mass region as a function of the leptonic branching fraction and the charged Higgs boson mass is shown in the last section. Excluded at 95% C.L.
- Figure 6 : Excluded regions of pair-produced charged Higgs bosons in the plane H + mass versus branching fraction H + → τ + ν in the channels τ + ντ −ν , csτ −ν and cscs. The solid line defines the combined excluded region.
